The DTI parameters (FA and ADC) reflect the properties of the brain microstructure. Decreased anisotropy is a common feature of cerebral tissue abnormalities. Our study investigates the neurologic prognostic efficiency of these parameters in white (PLIC, CP) and gray matter (PP) in the first days of life in term neonates with HIE. We hypothesize that lesions in related brain areas could be part of a physiopathologic substratum supporting neurologic deficiencies in this population.
S
evere neurologic impairment or death in relationship to perinatal asphyxia in developed countries occurs in 0.2 to 1.3 of 1000 live births. [1] [2] [3] [4] [5] [6] Antenatal and pernatal history, Apgar score, Sarnat classification, Amiel-Tison neurologic assessment, 7, 8 biologic and electrical examinations, and cranial sonography are efficient tools for evaluation of cerebral integrity in neonates. MR imaging, including DWI, contributes to highlighting brain abnormalities. 9, 10 Clinical evaluation and conventional MR imaging parameters are efficient to distinguish severe to minor HIE, but can be inefficient to appreciate long-term outcome for infants with moderate HIE. DTI measures the diffusion of water in cerebral tissue [11] [12] [13] and quantitative parameters such as FA and ADC reflect the microstructure properties in local areas. Decreased anisotropy is a common feature of cerebral tissue abnormalities. 13, 14 Normal and pathologic data for FA and ADC of the neonatal brain structures are available, 10, 12, 13, [15] [16] [17] [18] [19] and some authors suggest that early FA values could be an early prognostic factor for functional outcome in infants with HIE. 12 The aim of our study was to compare, in full-term neonates suspected to have HIE, the ADC and FA values in specific areas in white matter (PLIC and CP) and in gray matter (PP) with the early neurologic outcome at the end of the first week of life, by using the Amiel-Tison score. 7 We hypothesized that lesions in related brain areas could be part of a physiopathologic substratum supporting neurologic deficiencies in neonates with HIE.
Materials and Methods

Patients
During 1 year, we prospectively enrolled 22 consecutives neonates (13 girls, 9 boys; mean gestational age, 40 weeks Ϯ 9 days; median, 40 weeks plus 2 days; birth weight 3203 Ϯ 584 g). The inclusion criteria were gestational age older than 37 weeks, an Apgar score at 5 minutes of 5 or less, late deceleration on fetal monitoring, bradycardia lower than 80 bpm at 5 minutes, cardiac arrest, and/or the need for intratracheal or intravenous administration of epinephrine. All neonates with chromosomal disease, cardiac or central nervous system malformations, congenital infection, or inborn metabolic errors were excluded (immediately or secondarily).
The local Human Ethics Committee approved the study, and we obtained parental informed consent.
Clinical Data Collection
Antenatal history, birth conditions, birth weight, sex, gestational age at birth, Apgar score, Sarnat classification 8 in the first hours of life, and the day of the MR imaging examination were recorded. Apgar score at 5 minutes was considered good if the score was more than 5 (9 infants) and poor if 5 or less (10 infants).
Early Neurologic Outcome
During the first week of life, or as soon as possible after tracheal tube removal and drug decrease, the neonates underwent neurologic examination (ie, early neurologic outcome) by a pediatrician specializing in neurology (F.V.), blinded to the MR imaging data. We identified 2 groups according to the Amiel-Tison neurologic assessment at term 7 : no disability, minor disability, or moderate disability (group A) and severe disability or death (group B).
MR Imaging and Postprocessing
All patients were intubated during MR imaging examination (between day 1 and day 6). All neonates were carried to the MR imaging unit in a transport incubator accompanied by an intensivist experienced in neonatology who remained in attendance throughout the scanning process. No neonate was too unstable to support medical transport. Temperature, blood pressure, heart rate, and all vital signs were monitored during transport. Sedation was adapted to optimize data acquisition (intravenous opioids and/or midazolam). Ventilation was done manually during the MR imaging examinations. Pulse oximetry and electrocardiogram (Maglife, Brucker, France) were monitored throughout the procedure. All infants wore ear protections (Natus MiniMuffs; Natus Medical, San Carlos, California). We collected all MR imaging data using a 1.5T magnet (Gyroscan Intera system; Philips, Best, the Netherlands) equipped of 20mT/m gradients.
MR Imaging Methods. Acquisition was performed with a sensitivity encoding standard head coil, with the following sequences: 
Postprocessing and MR Imaging Data Analysis
Conventional MR images and DWI. Images were analyzed by a senior radiologist well experienced in interpreting neonatal brain MR imaging scans (J.F.C.), blinded to clinical ratings and DTI findings and who established an imaging severity score. This score (from 0 -22) was generated according to consensual literature reports on MR imaging and DWI abnormalities in neonates with HIE. 9, 20 The higher the MR imaging score, the worse the prognosis for the infants. DTI postprocessing. DTI data were postprocessed (quantification of the ADC and FA), by use of the PRIDE fiber-tracking tool software (Philips Research Integrated Development Environment, Best, the Netherlands). DTI-based color maps were created from the FA values. Diffusion encoded FA-weighted images were calculated according to the method proposed by Pajevic and Pierpaoli. 21 For all region-of-interest analyses, voxels were selected from the FA maps in native space, as described previously, 22 by 2 co-investigators (O.B., M.A.) blinded to the subject's clinical and outcome status, according to anatomic landmarks as follows:
• PLIC: Map at the level of the basal ganglia, where the angle between anterior and PLIC was the most acute (Fig 1) .
• PP: At the same section level as PLIC. Voxels were selected on the putamen and the pallidum (Fig 1) .
• CP: We first chose on an anatomic map the level where the cerebral peduncles were the most visible. We selected the section located between the superior and inferior colliculi. Voxels were then positioned on the FA map (Fig 2) .
FA and ADC measurements by PRIDE were performed for each region of interest at the left and right side. DTI voxel regions were selected in relationship to their greater vulnerability in term neonates with HIE.
Statistical Analyses
Comparison between qualitative data was performed with the Fisher exact test (Apgar score at 5 minutes vs early neurologic assessment). Intraobserver and interobserver comparison: Both manual (PLIC, PP) and single-point (CP) methods were used for region-of-interest positioning on the FA maps. The size of the region of interest varied according to the individual anatomy of the patients. Interobserver and intraobserver error concerning FA and ADC values were ex- pressed by calculating the CV (CV ϭ SD/mean) after repeating measurements chosen at random, for 8 neonates. For intraobserver reproducibility, measurements were done 3 times for each neonate.
We Comparison between quantitative data and early neurologic outcome was done with use of the Mann-Whitney nonparametric test. All statistical analyses were done on NCSS software (NCSS, Kaysville, Utah). Differences were considered significant if P Ͻ .05. For the KruskalWallis multiple-comparison Z-value test, differences in medians were considered significant if the z-value was more than 2.39 (Bonferroni correction).
Results
Descriptive Clinical Data
Complete analysis was performed in 22 neonates (on-line Table 1). The median Apgar score was 2 (22 infants) at birth and 5 (19 infants) at 5 minutes. Seven neonates had cardiac arrest at birth. Eight neonates required epinephrine. The Sarnat score was 3 in 13 children, 2 in 7 children, and 1 in 2 children. The median Sarnat score was 3. Thirteen neonates had seizures in the first 2 days of life; Amiel-Tison score was obtained for all live neonates and performed at 8.5 Ϯ 4 days (median, 8 days). Group A included 16 infants (6 with moderate and 10 with no or minor neurologic abnormalities), and group B included 6 infants (5 deaths).
Conventional MR Imaging and DWI Data Analysis
All neonates underwent MR imaging in the first 6 days of life (median, 4 days; mean, 4 Ϯ 1.65 days).
Descriptive analysis. Results are reported in on-line Tables 2 and 3. Lack of hyperintensity of the PLIC on T1WI (17 infants) and white matter abnormalities on DWI (15 infants) were the most often observed abnormalities. Brain swelling and petechial abnormalities of white matter (3 infants each) were unusual. Seven infants had brain stem abnormalities. Mean MR imaging score was 6.36 Ϯ 4.5 (range, 1-18; median, 6).
Correlation between initial perinatal clinical examination and MR imaging score. We found no correlation between MR imaging score and Apgar score at 5 minutes or Sarnat score. Median MR imaging score was 4 in group A and 10 in group B (P ϭ .02).
DTI Data Analysis
Descriptive analysis. Results are reported in on-line Table  4 (DTI data). Intraobserver comparison in FA and ADC measurements did not reveal statistical difference (CV Ͻ 3%). For interobserver measurements, CV was less than 4% for the PLIC, less than 5% for the CP, and less than 4% for the PP. The median number of voxels on the left PLIC was 16 (range, 12-24) and on the right PLIC was 18 (range, . The median number of voxels on the left PP was 80 (range, 46 -110) and on the right PP was 76 (range, 48 -101). Both for the left and the right side, the median number of voxels on the CP was 9 (left range, 4 -15; right range, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Whatever the region of interest (ie, PLIC, PP, or CP), there was no significant difference between left and right FA or ADC values.
Correlation between perinatal clinical data and DTI measurements. The group with a poor Apgar score at 5 minutes had significant lower ADC values on PLIC and PP (right PLIC, P ϭ .05; left PLIC, P ϭ .002; right PP, P ϭ .05; left PP, P ϭ .01) but not on CP. No statistical correlation was observed between the Sarnat score and DTI parameter measurements.
Correlation between DTI parameter measurements and early neurologic outcome. Results are summarized in the Table. FA was significantly decreased in group B vs group A only in the white matter areas (PLIC and CP) but not in PP whereas ADC was significantly decreased in group B vs group A in PLIC and PP but not in CP.
Discussion
The main result of this pilot study is that DTI values measured in specific brain areas during the first 6 days of life correlated significantly with early neurologic outcome in infants with conditions likely to lead to HIE. With selective region-of-interest analysis, lower ADC values in PLIC and PP and lower FA values in PLIC and CP bilaterally correlated significantly with poor early neurologic outcome. These results suggest that DTI measurement could be efficient in the determination of early prognosis and that pathologic processes underlying adverse neurologic outcome are quite different in PLIC and PP compared with CP.
Methodologic Considerations
We reported clinical data and MR imaging parameters in a homogeneous cohort of 22 full-term neonates that fulfilled strict conditions with potential HIE. As ADC and FA values might change during the first weeks of life, specifically in HI conditions, the delay between the insult and MR imaging acquisition remains open to discussion. In our study, because of the risk for ADC pseudonormalization from the end of the first week, 23 we decided to perform the MR imaging studies between day 1 and day 6. We developed well-defined anatomic boundary points (identified separately in each patient) that depict the variation in DTI indices as a function of position within the brain. Manual region-of-interest selection allows measurements on native space, without image transforma- tion, and is more efficient for individual clinical analysis, whereas a voxel-based method requires normalization of data, which induces loss of anatomic precision. 24 However, an a priori hypothesis concerning a few selected structures to be assessed is required. In our study, we selected PLIC and PP because of their known HI sensitivity. CP region of interest was chosen because 1) it mediates the communication of neuronal networks including telencephala, rhombencephala, and spinal cord (corticospinal tract); and 2) in adult cohorts, CP alteration has been described in patients with poor neurologic outcome in traumatic brain injury, in spinocerebellar ataxia types 1 and 2, and in stroke. [25] [26] [27] In each case, anatomic landmarks for selected regions of interest were positioned according to Wakana et al. 22 However, regions of interest drawn on DTI may have low resolution, but the high interrater and intrarater reliability demonstrates the reproducibility of the method.
Early Neurologic Outcome and Imaging Parameters
As previously shown, 9, 20, 28 MR imaging score including conventional MR imaging and DWI data correlates significantly with early neurologic outcome of neonates with HIE conditions. The recent publication of Liauw et al 28 supports the use of this type of score according to criterion standard injury patterns in HIE.
In our study, we showed that ADC values alone in the PP and PLIC, but not in CP, during the first days following HI brain injury appear as a sensitive marker to evaluate infants' early neurologic outcome as appreciated by the Amiel-Tison score. The lower the ADC value in those regions between day 1 and day 6, the worse the early neurologic outcome. Our results are consistent with the literature. Hunt et al 29 in 28 neonates with HIE found that the ADC value in the PLIC was significantly greater for those who survived compared with those who died. Barkovich et al (10 neonates with HIE) 11 and Wolf et al (13 neonates with HIE) 30 reported an early high reduction of water diffusion in injured patients (up to 60% compared with control subjects) in specific brain areas (corticospinal tracts, thalami). Vermeulen et al 31 confirmed the good prognostic value of early ADC measurement, particularly on the PLIC, to predict the prognosis of neonates with HI at 2 years. Some authors have suggested that an ADC value lower than 0.85 ϫ 10 Ϫ3 mm 2 /s on PLIC is associated with a poor outcome. In our study, all of the neonates with a mean ADC value lower than 0.8 ϫ 10
Ϫ3 mm 2 /s on the PLIC and 0.9 ϫ 10 Ϫ3 mm 2 /s on the PP had a severe early neurologic outcome or died. Recently, Liauw et al 32 in 24 neonates showed the strong interest of ADC measurement, particularly in regions with no visual abnormality on conventional MR imaging and DWI. The authors hypothesized that brain tissue may be disrupted despite normal MR imaging appearance, particularly in the basal ganglia and brain stem.
Bartha et al 15 explored DTI data (ADC and FA) in white matter (optic radiation, corticospinal tracts, posterior white matter, frontal white mater) and gray matter (basal ganglia, thalami, calcarine cortex) of 14 healthy infants at term, giving reference values. However, FA measurement in a specific area in neonates with HI to predict outcome is poorly reported in the literature. Ward et al 13 in 20 neonates with HI observed that FA remained decreased, whereas ADC pseudonormalized with time. At the same time, the authors reported that FA decreased in only some severe basal ganglia and white matter injury but decreased in all moderate basil ganglia and white matter injury. The authors' conclusion was that FA might represent an interesting marker in neonates, particularly in moderate HI and also when results of ADC values are normal. We could not observe such results in our study because we did not make chronologic comparisons in our predictive factors (ADC and FA).
Malik et al 12 on 17 mild to moderate neonates with HI reported FA changes with time, showing an increase of this parameter between the 1st and 12th weeks of life. In our study, whereas FA values in PP did not correlate with early neurologic outcome, FA values in CP and PLIC areas did correlate with outcome, both on the right and left sides (ie, the lower the FA values in CP and PLIC, the worse the infants' early neurologic outcome). In our study, FA alteration on CP correlated with poor early neurologic outcome, whereas ADC alteration in the same area did not correlate with poor neurological outcome. In adult studies, a decrease of FA value on the CP in the first 2 weeks after ischemic stroke correlated with motor deficit at the time of imaging and 3 months later, whereas no pathologic findings have been observed with T1-weighted and T2-weighted images and ADC maps in these areas. 26, 27 These results in adult patients highlight the potentially strong interest in FA measurement regardng brain injury conditions, particularly on CP. Groenendaal et al 33 explored the prewallerian degeneration of the CP in 39 neonates (term and near-term) with HI conditions. The authors showed the high positive predictive value of the association of PLIC and CP abnormal sig- nal intensity on DWI for delayed neurodevelopmental outcome. Moreover, in this study, 14 of the 15 neonates with prewallerian degeneration had a poor neurologic outcome. More recently, Domi et al 34 reported the DWI changes in descending corticospinal tracts in CP in 14 neonates with acute arterial ischemic stroke. These authors showed that all children without signal intensity abnormality on descending corticospinal tracts had normal results on standardized neurologic examination after 1 year of life. FA and ADC values, imaging markers commonly used to study microstructural white or gray matter abnormalities, 13, 14 provide limited information for determination of specific pathologic processes at a cellular level. Moreover, the differential alteration in FA and ADC values we found here may reflect differences in pathologic processes, either in PLIC and PP or in CP areas. Low FA could reflect an early loss of structural integrity of fiber tracts that might explain our results on PLIC and CP, whereas ADC after an early phase of decrease in severe brain injury usually pseudonormalizes. Thus, the lowering of both FA and ADC in PLIC can reflect the severity of the injury in those infants. The hypothesis for only lower FA (not ADC) in CP in infants with a poor early neurologic outcome may be the occurrence of a prewallerian degeneration in the descending corticospinal tracts as has been suggested in neonatal and adult brain injury. 26, 33, 34 Further studies are required to better understand physiopathologic processes leading to cerebral impairment in HIE. From a functional point of view, the DTI values probably represent part of the anatomic support behind the clinical perturbations observed in infants with HIE. Moreover, their correlation with early neurologic outcome suggests that these parameters could be robust prognostic factors for long-term outcome in infants with moderate disability.
Limits of the Study
Although encouraging, our results should be interpreted with caution because of the small size of our sample. For ethical reasons, there was no control group. In addition, region-ofinterest positioning may be difficult in some small areas, such as the CP. This finding invites us to be prudent in analyzing the results.
Conclusions
In our study, we showed that DTI parameters in specific brain areas had strong correlations with early neurologic outcome in infants with HIE, reflecting differences in damaged tissue mechanisms in the PLIC and PP or in the CP areas. Indeed, we can hypothesize that these indices could represent robust parameters to predict long-term outcome in HIE. Taking into account these results, studies are now needed 1) to evaluate the long-term prognostic value of DTI parameters (FA and ADC) in neonates with moderate injury; and 2) to discriminate among no disability, mild disability, and moderate disability. This could lead to the evaluation of protective treatments for a relatively short term.
